Abstract A Poincaré-covariant continuum approach to the three valencequark bound-state problem in quantum field theory is used to perform a detailed analysis of the nucleon's ground and first excited states: the so-called N (940) + . Such analysis predicts the presence of nonpointlike, fully-interacting quark-quark (diquark) correlations within them, being the isoscalar-scalar and isovector-pseudovector diquarks overwhelmingly dominant with similar relative strengths in both states. Moreover, the rest-frame wave functions of both states are largely S-wave in nature and the first excited state in this 1/2 + channel has the appearance of a radial excitation of the ground state. All these features have numerous observable consequences, we show herein those related with the nucleon's elastic, Roper's elastic and nucleon-to-Roper transition electromagnetic form factors, for both charged and neutral channels.
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Introduction
The strong interaction is described by quantum Chromodynamics (QCD). This quantum field theory of gluons, as the gauge fields, and quarks, as the matter fields, is conceptually simple and can be expressed compactly in just one line with two definitions [1] . However, nearly four decades after its formulation, we are still seeking answers to such apparently simple questions as what is the proton's wave function and which of the known baryons is the proton's first radial excitation. Indeed, numerous problems remain open because QCD is fundamentally different from other pieces of the Standard Model of Particle Physics: whilst perturbation theory is a powerful tool when used in connection with high-energy QCD processes, this technique is essentially useless when it comes to developing an understanding of strong interaction bound states built from light quarks.
Nonperturbative emergent phenomena such as confinement of gluons and quarks as well as dynamical chiral symmetry breaking (DCSB), appear to play a dominant role in determining all observable characteristics of QCD at low energy. The body of experimental and theoretical methods used to probe and map the infrared domain of QCD can be named as strong-QCD (sQCD). In this manuscript, we present a continuum formulation of the three valence-quark bound-state problem in quantum field theory in order to compute nucleon's ground and excited state properties: mass, wave function's peculiarities and associated elastic and transition electromagnetic form factors.
Whilst the proton is plainly a bound-state seeded by three valence-quarks: uud, and the neutron is similar; the N (1440) 1 2 + "Roper resonance" has long been a source of puzzlement. This confusion was only resolved recently [2] with the acquisition and analysis of a vast amount of high-precision nucleonresonance electro-production data with single-and double-pion final states [3] on a large kinematic domain of energy and photon virtuality, the development of a sophisticated dynamical reaction theory [4, 5] capable of simultaneously describing all partial waves extracted from available, reliable data, and the application of a Poincaré covariant approach to the continuum bound state problem in relativistic quantum field theory. This manuscript is intended to be a small revision of the last mentioned approach with particular emphasis on its derived results about elastic and transition electromagnetic form factors involving the nucleon and Roper.
A unified description of electromagnetic elastic and transition form factors involving the nucleon and its resonances has acquired very much interest. On the theoretical side, it is via the Q 2 -evolution of form factors that one gains access to the running of QCD's coupling and masses [6, 7] . Moreover, QCD-based approaches that compute form factors at large photon virtualities are needed because the so-called meson-cloud often screens the dressed-quark core of all baryons at low momenta [8, 9] . On the experimental side, a substantial progress has been made in the extraction of transition electrocouplings, g vN N * , from meson electroproduction data, obtained primarily with the CLAS detector at the Jefferson Laboratory (JLab) [3, [10] [11] [12] [13] [14] [15] . This manuscript is arranged as follows. We present in Sec. 2 a short survey of our theoretical framework in order to compute the mass and wave function of the nucleon and its first excited state. Section 3 shows the way in which the associated baryon's electromagnetic current can be computed within our formalism. This section also contains our results on the elastic form factors of the nucleon and Roper resonance, both charged and neutral cases; and a dissection of the transition form factors associated with the γ * N → R reaction. We finish in Sec. 4 giving some conclusions and an outlook of the work to be done in the following years.
Nucleon's bound state problem
Two decades of studying three-body bound-state problems in hadron physics, e.g. Refs. [16] [17] [18] [19] [20] [21] , have evidenced the appearance of soft (nonpointlike) fullyinteracting diquark correlations within baryons, whose characteristics are greatly influenced by DCSB [22] . No realistic counter examples are known and the existence of such diquark correlations is also supported by lattice-regularised QCD simulations [23, 24] .
Consequently, the problem of determining the structure of the dressedquark core of a baryon is transformed into that of solving the linear, homogeneous matrix equation depicted in Figure 1 and introduced in Refs. [25] [26] [27] [28] [29] , in combination with the realistic quark-quark interaction presented in Refs. [30] [31] [32] . The Faddeev equation of Fig. 1 involves three basic elements: (i) the dressed quark propagator, (ii) the propagator and correlation amplitude for all participating diquarks, and (iii) the Faddeev amplitude for a baryon. All these will be explained immediately below; herein, we only want to highlight that a baryon described by Fig. 1 is a Borromean bound-state where the binding energy is given by two main contributions [22] : One part is expressed in the formation of tight diquark correlations, the second one is generated by the quark exchange depicted in the highlighted rectangle of the Fig. 1 . This exchange ensures that no quark holds a special place because each one participates in all diquarks to the fullest extent allowed by its quantum numbers. The continual rearrangement of the quarks guarantees that the wave function complies with the baryon's fermionic nature.
Dressed quark propagator
An extensive literature [33] [34] [35] [36] [37] 31] exists about studying the dressed lightquark propagator:
showing that the wave function renormalisation, Z(p 2 ) = 1/A(p 2 ), and dressedquark mass, M (p 2 ) = B(p 2 )/A(p 2 ), receive strong momentum-dependent corrections at infrared momenta: Z(p 2 ) is suppressed whereas M (p 2 ) is enhanced. An efficacious parametrisation of S(p), which exhibits the features described above, has been used extensively in hadron studies [38] . It is expressed viaσ 
Diquark correlation
Five types of diquark correlations are possible within a baryon with quantum numbers (I, J P ) = (1/2, 1/2 + ): isoscalar-scalar, isovector-pseudovector, isoscalar-pseudoscalar, isoscalar-vector, and isovector-vector. However, references [40, 18, 21, 20] have demonstrated that the dominant diquark correlations for the nucleon's ground and first excited states are isoscalar-scalar (0, 0 + ) and isovector-pseudovector (1, 1 + ) diquarks. The leading structure of the diquark correlation amplitude is given, for each case, by:
where k is a two-body relative momentum, K is the total momentum of the correlation, F is the function in Eq. (4), g J P is a coupling into the diquark channel which is fixed by canonical normalization and modulated by the size parameter ω J P :
The mass-scales, which express the strength and range of the correlation, have been constrained by numerous studies [40, 21, 20] ; we use
and we find
About the matrices which appear in Eqs. (6) and (7), C = γ 2 γ 4 is the chargeconjugation matrix; We associate a propagator to each quark-quark correlation in Fig. 1 . For the scalar and pseudovector diquarks, the propagator is given by the following expressions [41] :
These algebraic forms ensure that the diquarks are confined within the baryons, as appropriate for coloured correlations: whilst the propagators are free-particlelike at spacelike momenta, they are pole-free on the timelike axis; and this is sufficient to ensure confinement via the violation of reflection positivity [39] .
Faddeev amplitude
The nucleon, and its first excited state, can be represented by the Faddeev amplitude
where the subscript identifies the bystander quark, i.e. the quark that is not participating in a diquark correlation. Denoting ψ 3 ≡ ψ, we have:
where (p i , σ i , α i ) are the momentum, spin and isospin labels of the quarks constituting the bound state; P = p 1 +p 2 +p 3 = p q +p d is the total momentum of the baryon;
; j is the flavour label in the Pauli matrices defined in the former subsection; and u(P ) is a Euclidean spinor (see Ref. [41] , Appendix B for details). The matrix-valued functions in Eq. (13) that are not yet defined are given by:
where
Solution of the nucleon's ground and first excited states
Our computed values for the mass of the nucleon and its first excited state are [20] :
The empirical values of the pole locations for the first two states in the nucleon channel are [10, 42] : 0.939 GeV and (1.36 − i 0.091) GeV, respectively. At first glance, these values appear unrelated to those shown in Eq. (16) . However, deeper consideration [43, 44] reveals that the kernel in Fig. 1 The bare Roper mass in Ref. [42] agrees with both our quark-core result and that obtained using a refined treatment of a vector ⊗ vector contactinteraction [21] . This is notable because all these calculations are independent, with just one common feature; namely, an appreciation that measured hadrons can realistically be built from a dressed-quark core plus a meson-cloud. The Faddeev amplitude and wave function are Poincaré covariant. This means that the scalar functions that appear in Eqs. (14) and (15) are frameindependent. However, the frame chosen determines how these functions should be combined in order to guess the L-and S-nature of a particular quarkdiquark channel in a given baryon. Details can be extracted from Table I and Fig. 2 of Ref. [20] , herein we only want to collect the bound-state mass depending on the chosen partial waves that compose the baryon in its rest-frame:
Plainly, the nucleon and N (1440) 1 2 + are primarily S-wave in nature, since they are not supported by the Faddeev equation unless S-wave components are contained in the wave function. Figure 2 shows now the order-zero Chebyshev projections of all S-wave components in the Faddeev wave function of the nucleon and its positiveparity excitation:
where x = · P/ √ 2 P 2 . Evidently, whilst these projections of the nucleon's Faddeev wave function are each of a single sign, either positive or negative, those associated with the quark core of the nucleon's first positive-parity excitation are quite different: all S-wave components exhibit a single zero at z R ≈ 0.4 GeV≈ 1/[0.5 fm]. Drawing upon experience with quantum mechanics and with excited-state mesons studied via the Bethe-Salpeter equation [47] [48] [49] [50] [51] , this pattern of behavior for the first excited state indicates that it may be interpreted as a radial excitation.
Based on the Faddeev amplitude's canonical normalisation, which is a Poincaré invariant quantity related to baryon number, the diquark fractions of the nucleon and its radial excitation can be summarize as follows:
namely, the relative strength of isoscalar-scalar and isovector-pseudovector diquark correlations in the nucleon and its radial excitation is the same. This conclusion was also found in Ref. [20] but using a different scheme. Taking into account the values reported in Eq. (19), Mezrag et al. [52] reported recently the first quantum field theory calculation of the pointwise behaviour of the leading-twist parton distribution amplitudes (PDAs) of the proton and Roper.
Nucleon's electromagnetic form factors
Within our formalism, the calculation of the desired elastic and transition electromagnetic form factors is straightforward once the corresponding current is specified. The electromagnetic current between initial and final states with quantum numbers (I, J P ) = (1/2, 1/2 + ) is completely specified by two form factors:ū
where u i ,ū f are, respectively, Dirac spinors describing the incoming/outgoing baryons, with four-momenta P i,f and masses m i,f so that P [53, 41] contain detailed information on the interaction of a photon with a baryon generated by the Faddeev equation depicted in Fig. 1 . There are six terms, shown in Fig. 3 , in which the photon separately probes the quarks and diquarks in various ways, so that diverse features of quark dressing and quark-quark correlations play a role in determining the form factors. Figure 4 shows the Dirac and Pauli elastic electromagnetic form factors of the nucleon and Roper. The panels on the left refer to the charged case whereas the ones on the right show the neutral one. Evidently, there are qualitative similarities and quantitative differences between the results of the nucleon and Roper. The biggest difference appear in the Q 2 -dependence of the Dirac form factors, particularly striking appear to be the dissimilarity between neutralRoper and neutron; but here appearances are deceptive because both functions Table 1 Static properties derived from the elastic form factors depicted in Fig. 4 , see Eq. (22) and following text. The nucleon dressed-quark core mass is M N = 1.18 GeV. are independently computed as the valence-quark electric-charge-weighted sum of larger, positive quantities, with cancellations leading to small results. The (Sachs) electric and magnetic form factors can be defined as
Elastic form factors
where m B is the baryon's mass. The Q 2 = 0 values and slopes of the Sachs electric and magnetic form factors yield the static properties listed in Table 1 , where the radii are defined as
with n = G(Q 2 = 0) when this quantity is nonzero, n = 1 otherwise, and the anomalous magnetic moment µ = G M (0). The electromagnetic radii of the charged-Roper core are larger than those of the proton core, but the magnetic moments are similar; and this pattern is reversed in the neutral-Roper/neutron comparison.
Transition form factors
Transition electromagnetic form factors involving the nucleon and Roper may be dissected in two separate ways, each of which can be considered as a sum of three distinct terms, viz.
-Diquark dissection:
DD1.-Scalar diquark in both the initial and final baryon. DD2.-Pseudovector diquark in both the initial and final baryon. DD3.-A different diquark in the initial and final baryon.
-Scatterer dissection:
DS1.-Photon strikes a bystander quark. DS2.-Photon interacts with a diquark, elastically or causing a transition between scalar and pseudovector cases. DS3.-Photon strikes a dressed-quark in-flight, as one diquark breaks up and another is formed, or appears in one of the two associated "seagull" terms. Computed Dirac transition form factor, F * 1 , for the charged reaction γ * p → R + (left panels) and the neutral reaction γ * n → R 0 (right panels): solid (black) curve in each panel. Data, left panels: circles (blue) [54] , and squares (purple) [14, 55] . Upper panelsdiquark breakdown: DD1 (dashed red), scalar diquark in both nucleon and Roper; DD2 (dot-dashed green), pseudovector diquark in both nucleon and Roper; DD3 (dotted blue), scalar diquark in nucleon, pseudovector diquark in Roper, and vice versa. Lower panels -scatterer breakdown: DS1 (red dashed), photon strikes an uncorrelated dressed-quark; DS2 (dot-dashed green), photon strikes a diquark; and DS3 (dotted blue), diquark breakup contributions, including photon striking exchanged dressed-quark.
Our predictions for the γ * N → R Dirac transition form factors are drawn in Fig. 5 . They must vanish at x = 0 owing to orthogonality between the nucleon and its radial excitation. Plainly, the charged transition proceeds primarily through a photon striking a bystander dressed-quark that is partnered by [ud] , with lesser but non-negligible contributions from all other processes. The neutral transition proceeds also primarily through a photon striking a bystander dressed-quark that is partnered by [ud] . Herein, it is important to highlight that charge neutrality enforces F R 0 1 (0) = 0, so that all terms need only sum to zero at the origin, whereas state orthogonality ensures F * 1,n (0) = 0, in which case each contribution must vanish separately.
An interesting feature shown in the top-and bottom-left panels of Fig. 5 is that all contributions (in each dissection) to the F mentally to the QCD-derived momentum-dependence of the propagators and vertices employed in solving the bound-state and scattering problems. The mismatch on x 2 between data and the prediction is also revealing. As we have emphasized, our calculation yields only those form factor contributions generated by a rigorously-defined dressed-quark core whereas meson-cloud contributions are expected to be important on x 2. Thus, the difference between the prediction and data may plausibly be attributed to MB FSIs, as described in Sec. 5 of Ref. [56] . (See also Refs. [55, 57] ).
Pauli transition form factors for the γ * N → R reaction are shown in Fig. 6 . They are all nonzero at x = 0 and each possesses a zero crossing at roughly the same location, viz. x ≈ 0.2. Notably, as with F in Fig. 4 , F * 2,p and F * 2,n are similar in magnitude and Q 2 -dependence. In particular, the value of F * 2,p (0)/F * 2,n (0) ≈ −3/2 is consistent with available data [10] . The remarks above concerning MB FSIs also apply to F * 2 ; and, importantly, although they affect its precise location, the existence of a zero in F * 2 is not influenced by MB FSIs. We are thus confident of our prediction for a zero in . This zero will be found near that of F p,R + 2 if MB FSIs are not too different between these channels; and there are good reasons to suppose they are comparable because the two reactions are isospin-exchange partners and isospin symmetry is a good approximation for strong interactions.
Finally, since it is anticipated that JLab 12 detector will deliver data on the Roper-resonance electroproduction form factors out to Q 2 ∼ 12m 2 N , we depict in Fig. 7 the x-weighted Dirac and Pauli transition form factors for the reactions γ * p → R + , γ * n → R 0 on the domain 0 < x < 12. The results on x > 6 are determined via the Schlessinger point method (SPM), as described in Ref. [59] . On the domain depicted, there is no indication of the scaling behaviour expected of the transition form factors:
Since each dressed-quark in the baryons must roughly share the impulse momentum, Q, we expect that such behaviour will only become evident on x 20.
Summary
We have computed a range of properties related with the dressed-quark core of the proton's ground and first excited states using a Poincaré-covariant continuum approach to the three valence-quark bound-state problem in quantum field theory.
Amongst the results we have described, the following are of particular interest: (i) there are nonpointlike, fully-interacting quark-quark (diquark) correlations within these states and, in general, inside any kindred baryon; (ii) the isoscalar-scalar and isovector-pseudovector diquarks are dominant in these baryons and both, ground-and excited-state, have the same diquark relative content; (iii) the rest-frame wave functions of both states are largely S-wave in nature and the first excited state in this 1/2 + channel has the appearance of a radial excitation of the ground state; (iv) assuming that the first excited state of the nucleon is the so-called Roper resonance, we compare with experiment our computation of the equivalent Dirac and Pauli form 
Fig. 6
Computed Pauli transition form factor, F * 2 , for the charged reaction γ * p → R + (left panels) and the neutral reaction γ * n → R 0 (right panels): solid (black) curve in each panel. Data: circles (blue) [54] , squares (purple) [14, 55] , triangle (gold) [58] , and star (green) [10] . Upper panels -diquark breakdown: DD1 (dashed red), scalar diquark in both nucleon and Roper; DD2 (dot-dashed green), pseudovector diquark in both nucleon and Roper; DD3 (dotted blue), scalar diquark in nucleon, pseudovector diquark in Roper, and vice versa. Lower panels -scatterer breakdown: DS1 (red dashed), photon strikes an uncorrelated dressed-quark; DS2 (dot-dashed green), photon strikes a diquark; and DS3 (dotted blue), diquark breakup contributions, including photon striking exchanged dressed-quark. factors for the reactions γ * p → R + (solid blue curves) and γ * n → R 0 (dashed green curves). In all cases, the results on x ∈ [6, 12] are projections, obtained via extrapolation of analytic approximations to our results on x ∈ [0, 6] (see Ref. [59] for details). The width of the band associated with a given curve indicates our confidence in the extrapolated value. Data in both panels are for the charged channel transitions, F * 1,p and F * 2,p : circles (blue) [54] . No data currently exist for the neutral channel.
factors of the γ * p → R + reaction and observe that, while the mismatch in the domain of Q Let us finish this manuscript highlighting that novel experiments are approved at JLab 12, and others are either planned or under consideration as part of an international effort to measure transition electro-couplings at large photon virtualities of all prominent nucleon resonances [15, 60, 61] . Therefore, our predictions herein but also forthcoming analyses that will involve low-lying negative-parity baryons and excited states of the ∆-resonance will be thoroughly tested in the foreseeable future, and such efforts have the potential to deliver empirical information that would address a wide range of issues, including, e.g.: is there an environment sensitivity of DCSB; and are quark-quark correlations an essential element in the structure of all baryons?
